Abstract. Calcium-stimulated protein kinase activity in the¯agella of the green alga Chlamydomonas moewusii (Gerlo) was characterised. Using SDS-PAGE and an on-blot phosphorylation assay, a 65-kDa protein was identi®ed as the major calcium-stimulated protein kinase. Its activity was directly stimulated by calcium, a characteristic of the calmodulin-like domain protein kinases (CDPKs). Monoclonal antibodies raised against the CDPKa from soybean cross-reacted with the 65-kDa protein in the¯agella, and also with other proteins in thē agellum and cell body. The same monoclonal antibodies were used to screen a C. moewusii cDNA expression library in order to isolate CDPK cDNAs from C. moewusii. The CCK1 cDNA encodes a protein with a kinase and calmodulin-like domain linked by a junction domain typical of CDPKs. From Southern analyses, evidence was obtained for a CDPK gene family in C. moewusii and C. reinhardtii.
Introduction
Calcium is an important cellular signal involved in the control of various processes in animal and plant cells. Since many cellular processes are controlled by reversible phosphorylation of proteins, calcium-regulated protein kinases and phosphatases are implicated in transducing calcium signals by altering the phosphorylation status and, as a consequence, the enzymatic activity, localisation or binding characteristics of their substrates.
The unicellular green alga Chlamydomonas is a model system to study calcium signalling, since calcium is implicated in the control of several cellular processes such as¯agellar beating (Witman 1993) , surface transport of glycoproteins over the¯agellum (Bloodgood 1991) , de-¯agellation (Quarmby and Hartzell 1994) and sexual signalling (Musgrave 1993; Quarmby 1994) . Chlamydomonas cells are able to increase the cytoplasmic concentration of calcium either via rhodopsinactivated channels in the cell body, voltage-gated channels on the¯agella (Hartz and Hegemann 1991; Beck and Uhl 1994) or by activating phospholipase C which hydrolyses phosphatidylinositol 4,5-bisphosphate into diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (InsP 3 ; Musgrave et al. 1992 Musgrave et al. , 1993 Quarmby and Hartzell 1994 ). The InsP 3 can then induce the release of calcium from internal stores by binding to the InsP 3 receptor (Berridge 1993) . Potential InsP 3 -sensitive stores of calcium have been characterised in Chlamydomonas (Kaska et al. 1985; Siderius et al. 1996) .
There are reports of proteins that respond to changes in calcium concentration in Chlamydomonas. Calmodulin has been characterised in¯agella and cell bodies (Gitelman and Witman 1980) . Furthermore, centrin (caltractin), a calcium-binding contractile protein, has been implicated in de¯agellation (Sanders and Salisbury 1994) and has been cloned (Huang et al. 1988) . Calciumstimulated protein kinase and phosphatase activities have been proposed in the regulation of¯agellar beating (Segal and Luck 1985) and surface transport of glycoproteins along the¯agellum. Bloodgood (1992) suggested that a calcium-stimulated protein kinase activity in agella of C. reinhardtii is involved in this mechanism. Since transport of agglutinins is an important sexual response for properly aligning gametes for cell fusion (Goodenough and Jurivich 1978; Homan et al. 1987) , we set out to identify comparable kinase activity in C. moewusii gametes. Here we describe the characterisation of a calcium-stimulated protein kinase in the Chlamydomonas¯agellum that is similar to calmodulin-like domain protein kinases (CDPKs; Roberts and Harmon 1992) . A monoclonal antibody (mAb) raised against the CDPKa from soybean (Putnam-Evans et al. 1989 ) was used to examine the presence of this type of protein kinase in Chlamydomonas. The mAbs were then used to screen a C. moewusii cDNA expression library to isolate genes coding for CDPKs, thereby establishing their presence in this green alga.
Materials and methods
Cell cultures. Chlamydomonas moewusii (Gerlo ) gametes (strains UTEX 10 and 17.17.2; Schuring et al. 1987) were grown in Petri dishes on agar-containing medium (Mesland and van den Ende 1978) . Cultures were maintained at 20°C in a 12 h light/12 h dark regime. An average light intensity of 2500 lx was provided by Philips (Eindhoven, The Netherlands) TL 65 W/33¯uorescent tubes. Gamete suspensions were obtained by¯ooding three-to four-week-old agar cultures with 10 mM Hepes (pH 7.4), 1 mM MgCl 2 , 1 mM CaCl 2 and 1 mM KCL (HMCK).
Isolation of¯agella and¯agellar material. Flagella were isolated by pH-shock (Witman et al. 1972) . Flagellar membrane vesicles, formed during de¯agellation, were isolated as described in Kalshoven et al. (1990) . Flagellar extracts were made by extracting isolated¯agella with 1% Triton X-100 in buer A [20 mM Hepes, pH 7.4; 5 mM MgCl 2; 1 mM dithiothreitol (DTT); 2 mM EGTA; 25 mM KCl] in the presence of the protease inhibitors phenylmethylsulphonyl¯uoride (PMSF, 1 mM), pepstatin, leupeptin and aprotinin (each 5 lg á ml ) and 100 lM Na 3 VO 4 resulting in 20 lM free calcium (+ Ca 2+ ) or < 10 )8 M free calcium () Ca
2+
) as described in Bloodgood (1992) . Incorporation of radioactivity was terminated by adding 1 ml of 10% trichloroacetic acid (TCA), 1 mM sodium pyrophosphate and 5 lg bovine serum albumin (BSA). The protein was then precipitated on ice for 15 min. The precipitate was washed with 10% TCA and 1 mM sodium pyrophosphate and taken up in 10 ll of 100 mM NaOH and an equal volume of SDS-PAGE sample buer. The incorporation of label into the TCA precipitate was quantitated by liquid scintillation spectrometry. Labelled proteins were visualised by autoradiography after SDS-PAGE on 2±20% gradient gels.
On-blot phosphorylation assay. The protocol described by Ferrell and Martin (1991) was used with slight modi®cations. Proteins were separated by SDS-PAGE and blotted onto Immobilon polyvinylidene di¯uoride (PVDF) membrane ®lters (0.45 lm pore size; Millipore B.V., Etten-Leur, The Netherlands) for 1.5 h at 50 V á cm )1 (4°C). Filters were sequentially rinsed with methanol, water and transfer buer (192 mM glycine base, 25 mM Tris base) prior to blotting. After blotting, they were incubated for 1 h in denaturation buer (7 M guanidine hydrochloride, 50 mM Tris, 50 mM DTT, 2 mM EDTA, pH 8.3) at room temperature. The ®lters were then rinsed in Tris-buered saline (pH 7.4) and incubated overnight at 4°C while being gently rocked in renaturation buer [140 mM NaCl; 10 mM Tris-HCl, pH 7.4; 2 mM DTT; 2 mM EDTA; 0.1% Nonidet P-40, Fluka, Amsterdam, The Netherlands]. They were then incubated for 1 h in renaturation buer with calf thymus histone IIIs (1 mg á ml )1 ) as kinase substrate. The renaturation buer was removed and the blot covered with freshly prepared reaction buer (30 mM Tris-HCl, pH 7.4; 10 mM MgCl 2 , 2 mM MnCl 2 ; 3.7 MBq á ml )1 [c 32 P]ATP). The reaction was carried out in test tubes for 30 min at room temperature. Filters were then washed sequentially (10 min per wash) in 30 mM Tris-HCl, pH 7.4 (2´); 30 mM Tris-HCl, pH 7.4, 0.05% Nonidet P-40 (2´); 1 M KOH and lastly 30 mM Tris-HCl, pH 7.4 (2´). Phosphorylated bands were visualised by autoradiography.
Western blotting and immuno¯uorescence. The anti-CDPKa mAb, kindly provided by Dr. A.C. Harmon (University of Florida, Gainesville, Fla., USA), was used as described by Putnam-Evans et al. (1989) . Antibody-staining was visualised using a second antibody conjugated with horseradish peroxidase and visualised by enhanced chemoluminescence (ECL) according to the manufacturers protocol (Amersham,'s Hertogenbosch, The Netherlands).
Mating-structure balloons were induced by treatment of the 17.17.2 gametes with 8% ethanol (Schuring et al. 1990 ). Stimulated and non-stimulated cells were ®xed in 1.5% glutaraldehyde, 0.5% formaldehyde and incubated 30 min on ice in phosphate-buered saline (PBS) or PBS containing 1% Triton X-100. Cells were then incubated in PBS/3% BSA containing anti-CDPKa mAb for 1 h at room temperature. After washing with PBS, cells were incubated in PBS/3% BSA containing a¯uorescein isothiocyanate (FITC)-labelled anti-mouse antibody for 1 h at room temperature. Excess FITC label was removed by washing with PBS. Cells were dried onto a coverslip and mounted in PBS/1% glycerol.
Construction, screening and sequence analysis of cDNA library. Polyadenylated RNA was isolated out of total RNA from a synchronous culture (0.5 h after the end of the dark period) of C. moewusii UTEX 10 [mating type minus (mt ) )] and used to construct a cDNA library in kZAP-II (Stratagene, La Jolla, Cal., USA). The library (1.4 á 10 5 plaque-forming units) was immunoscreened as described by the manufacturers with the mAb against the soybean CDKPa (Putnam- Evans et al. 1989) . Subclones of one isolated cDNA clone (CCK1) were generated by digestion with exonuclease III (Promega Corporation, Madison, Wis., USA) or by restriction-enzyme digestion. The double-stranded sequence was determined using T 7 polymerase (Pharmacia) essentially as described by the manufacturers. The longest open reading frame on the cDNA was translated into an amino-acid sequence which was aligned with other sequences using the MacDNAsis program (Hitachi, Pharmacia, Tilburg, The Netherlands). The CCK1 sequence is present in the EMBL/Genbank database under accession number Z49233.
Analyses of DNA and RNA. Chlamydomonas DNA was isolated and used for Southern analysis using standard techniques (Maniatis et al. 1982) . The [a 32 P]ATP-labelled DNA probes were made by the random prime method (Feinman and Vogelstein 1983) using gelpuri®ed DNA fragments (Geneclean; Bio 101 Inc., La Jolla, Cal., USA). Genomic DNA gel blots were hybridised with the [a 32 P]ATP-labelled 2001-bp PstI fragment (total coding sequence) of CCK1 at 55°C and at 65°C. The blots were washed under high-[0.1´saline sodium citrate buer (SSC) at 65°C] and lowstringency (1´SSC at 55°C) conditions. Autoradiographs were exposed for 16±24 h.
Expression and puri®cation of recombinant CCK1 protein. Polymerase chain reaction (PCR) primers were designed for the 5¢ coding region to include an Xba I restriction site to facilitate cloning (5¢-GCTCTAGAGCCGATTCGGCACGAGATGGCAGC-3¢). The 3¢ primer included the stop codon extended with a His6 tag and a Xho I site to facilitate cloning (5 ¢ TGACTCGAGTCAGTGATG-GTGATGGTGATCAGGTTGCGCATCAT-CAG-3¢). The PCR fragment generated with the CCK1 cDNA as template was cloned into the pGEX-KG vector (Guan and Dixon 1992) to generate an anity sandwich construct (Binder et al. 1994 ) with a 5¢ glutathione S-transferase (GST) sequence and a 3¢ His tag. This constuct was transformed into Escherichia coli DH5a cells and the insert was checked by restriction-enzyme analysis. An overnight culture of these cells was diluted 15 times in 2´YT (standard medium) and grown for about 2 h at 37°C, after which they were diluted twice in 2´YT and induced with 1 mM isopropyl b-d-thiogalactopyranoside (IPTG) for about 4±6 h. Induction of the CCK1 fusion protein was checked in whole-cell samples on Western blot with the antisoybean CDPKa mAb. The protein was puri®ed from inclusion bodies in E. coli by dissolving them in 6 M guanidine-HCl, followed by Ni 2+ -nitriloacetic acid (NTA) anity chromatography as described by the manufacturer (Qiagen, Hilden Germany). The puri®ed fusion protein was spotted onto PVDF membrane, kinase activity renatured, and protein kinase activity with histone IIIs as substrate was assayed on-blot in the presence and absence of calcium (Ferrell and Martin 1991) . The incorporation of radioactive label into each spot was measured by liquid scintillation spectrometry after cutting the spots from the ®lter.
Results
Since calcium has been shown to regulate various¯agel-lar processes, the initial characterisation of calciumregulated protein kinases was con®ned to the¯agella. An in-vitro phosphorylation assay was developed to analyse protein kinase activities in¯agellar extracts. The in-vitro incorporation of 32 Pi from [c 32 Pi]ATP into the TCA-precipitable fraction of the extract was timedependent ( Fig. 1A) and stimulated by calcium, with an optimum at a free calcium concentration of 20 lM (Fig. 1B) . The increase in net protein phosphorylation activity did not result in hyperphosphorylation of speci®c proteins in the extract, but in an overall increase in labelling.
In order to ascribe the in-vitro phosphorylation activity in¯agellar extracts to speci®c protein bands, the proteins on Western blots were renatured and protein kinase activity detected using an on-blot phosphorylation assay (Ferrell and Martin 1991) in which histone IIIs was used as substrate. In this assay the labelling of a protein band can occur as a consequence of three dierent events: (i) phosphorylation of histone IIIs, that was applied over the whole blot, (ii) autophosphorylation of a renatured protein kinase or (iii) phosphorylation of a substrate co-migrating with the protein kinase in SDS-PAGE. By electrophoresinḡ agellar preparations in one broad lane over the width of a gel and, after blotting, cutting the membrane into strips, it was possible to analyse kinase activity in a single sample under various conditions. As is shown in Fig. 2 for both total¯agella ( Fig. 2 ; lanes 2, 4 and 6) and agellar extracts (non-axonemal proteins, Fig. 2 ; lanes 8, 10 and 12), treatment of the blot membrane with histone IIIs enhanced labelling of speci®c bands. Bovine serum albumin could not substitute for histone IIIs. Labelling of a 65-kDa protein band (Fig. 2 , see arrowhead) in thē agella and¯agellar extract was clearly stimulated by calcium in the presence of histone IIIs ( Fig. 2 ; compare lanes 2 and 4, and 8 and 10). It seems to be the major calcium-dependent protein kinase in the¯agella and completely dominates activity in the extract. However, this assay is dependent upon the ability to renature activity on the blot and the capacity of a kinase to phosphorylate histone IIIs, and therefore some protein kinases may have been overlooked. The lack of a band of radioactivity at 65-kDa in the absence of histone IIIs Total¯agella protein (lanes 1±6 ) or 1% Triton X-100¯agellar extracts (lanes 7±12) were separated on a 2±20% SDS-polyacrylamide gel, then blotted onto PVDF membrane. Protein kinase activity was renatured, the membrane was cut into ®lter strips (1±12), and on-blot phosphorylation was carried out in the presence of EGTA, calcium (20 lM), calmodulin (15 lg á ml ) as indicated. The arrow indicates the major renaturable, calciumstimulated protein kinase activity at 65-kDa indicates that this kinase cannot autophosphorylate under the applied conditions. This was con®rmed by eluting a heavily labelled 65-kDa region from an assay blot. On subjecting the eluant to SDS-PAGE, only radiolabelled histone IIIs (30 kDa) was found and no radioactivity at 65-kDa. Addition of bovine brain calmodulin did not consistently increase labelling of the 65-kDa band and, what is more, the intensity of labelling in its absence (Fig. 2, + Calcium, ) Calmodulin, lanes 4 and 10) suggests that calcium has a direct eect on the protein kinase. About seven other major bands of protein kinase activity were present in agella, all of which were stimulated to a greater or lesser extent by calcium, except for the 40-kDa band which seemed unaected.
Since the direct stimulation of protein kinase activity by calcium is typical of CDPKs (Harper et al. 1991; Roberts and Harmon 1992) , a mAb directed against the soybean CDPKa (Putnam-Evans et al. 1989) was used to immunologically detect related proteins in extracts of Chlamydomonas¯agella. A protein with an apparent MW of 65-kDa (Fig. 3, lane 3) , co-migrating with the major calcium-stimulated protein kinase activity on blot (Fig. 3, lane 2) , was detected in¯agella, together with a minor band at about 80-kDa.
The presence of calcium-stimulated protein kinase activity, and cross-reactivity with an anti-CDPK mAb at the same position in the gel suggests the presence of CDPKs in Chlamydomonas. In order to analyse whether more cross-reacting CDPK-like bands were present, immunoblotting and immuno¯uorescence were performed on both¯agellar and cell-body samples. Immunoblotting results illustrated that the immuno-reactive 65-kDa band was present in¯agella but not detectable in cell bodies when equivalent amounts of protein were subjected to SDS-PAGE and blotted (Fig. 4, lanes 1  and 2) . Much of that in¯agella was readily extracted into Triton X-100 and seemed to be associated with the membrane, since puri®ed¯agellar membranes also contained a well-labelled 65-kDa band (Fig. 4A, lane 4) .
Immuno¯uorescence labelling of the¯agella after, but not before permeabilizing the cells with Triton X-100, indicates that the labelled epitope lies within the¯agellar membrane (Fig. 5A) . Note that the¯uorescence associated with the cell body is due to auto¯uorescence of the chlorophyll and not due to antibody labelling. Immunolabelling intact C. moewusii cell bodies is not possible because antibodies do not penetrate the cell walls. The presence of anti-CDPK epitopes within the protoplast Fig. 3 . Cross-reaction of an anti-CDPK Mab with a 65-kDa protein kinase from C. moewusii gametic¯agella. Proteins from isolated agella were separated by SDS-PAGE and stained with Coomassie Brilliant Blue (lane 1), or blotted onto PVDF membrane and used in an on-blot phosphorylation assay in the presence of calcium (lane 2) or probed with the anti-CDPKa mAb (lane 3). Cross-reaction of the antibody was visualized using an anti-mouse alkaline phosphatase conjugate in an alkaline phosphatase assay with nitro-blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate as substrate . Crossreaction of the antibody was visualized using an anti-mouse antibody with a horseradish peroxidase conjugate using ECL for detection. B A similar procedure was followed, but this time using¯agella (lane 1) and cell bodies (lane 2) from the same number of gametes (10 7 cells) Fig. 5A ,B. Immuno¯uorescent localization of CDPK antigens in C. moewusii. A Cells were ®xed in 1.5% glutaraldehyde, 0.5% formaldehyde, then treated with 1% Triton X-100 for 30 min on ice. They were stained with anti-CDPKa, followed by anti-mouse FITC. Bar = 5 lm. B Activated mating-structure balloons were formed by treating C. moewusii gametes with 8% ethanol. The cells were then stained as described above. Balloons are the smaller round¯uorescent bodies at one end of each cell. Bar = 10 lm was therefore analysed by ®rst treating gametes with ethanol to induce the formation of mating-structure balloons, large cytoplasmic projections that protrude through a hole in the anterior of the cell wall (Schuring et al. 1990 ). The chloroplast is not present in these protrusions and therefore they do not auto¯uoresce. As is shown in Fig. 5B , after ®xation and permeabilization with Triton X-100, the balloons were well labelled. This indicates that CDPK-like proteins are in the cell body as well as in the¯agella. This was con®rmed by subjecting larger amounts of cell-body proteins to SDS-PAGE and immuno-staining (Fig. 4B ). Note that in this part of the ®gure,¯agella and cell bodies from 10 7 cells were applied to the gel. Under these circumstances, the small amount of¯agellar protein limited detection of the 65-kDa band, but the larger amount of cell body protein made it possible to detect several potential CDPKs in the body.
Having acquired evidence for the presence of CDPK antigens in Chlamydomonas, we set out to clone CDPKs using the anti-CDPK mAbs to screen a C. moewusii cDNA library. The 2633-bp cDNA (CCK1) isolated in this procedure contains an open reading frame after the ®rst ATG sequence, coding for a protein of 591 amino acids (Fig. 6A) . The characteristic polyadenylation signal for Chlamydomonas mRNAs, TGTAA, is absent, for only a TGCAA sequence was found 14-bp upstream from the polyA tail. The deduced amino-acid sequence of CCK1, as depicted in Fig. 6B , contains the 11 conserved protein kinase domains (boxed region; Hanks et al. 1988 ) and four calcium-binding EF-hand motifs (underlined), linked by a junction domain (black box) that are normally conserved in CDPKs.
Since the CCK1 gene is the ®rst CDPK cloned from a lower plant, its sequence was compared with other representatives of this gene family, as well as with other protein kinases and calcium-binding proteins, in order to analyse the evolutionary conservation of the three domains. The CCK1 junction domain is 40±50% homologous with the junction domains of CDPKs from higher plants. In Fig. 7A , identical amino acids in the junction domain are boxed. The amino acids in this domain that have been implicated from studies with inhibitor peptides (Harmon et al. 1994 ) and deletion mutants ) to be involved in regulating enzyme activity are conserved in the CCK1 junction domain, suggesting that its function is also conserved. When the kinase domains of CDPKs from higher plants and Chlamydomonas are compared with those of protein serine/threonine kinases, they clearly form a separate family (Fig. 7B) , with calcium/calmodulin-dependent kinase II (CaMKII) and myosin light-chain kinase (MLCK) relatively more related to the CDPK family than to protein kinase A and C. The amino-acid sequence of the kinase domain in the algal CDPK is homologous to that of higher-plant types, ranging from 50% for the seed-development speci®c protein kinase SPK1 from rice (Kawasaki et al. 1993 ) to 57% (45. 4%   Fig. 6A ,B. Physical map and sequence of CCK1. A Physical map shows the 2633-bp cDNA plus unique restriction sites referred to in the text. The position of the open reading frame containing the kinase-, junction-and calmodulin-like domains, coding for 591 amino acids on the cDNA is depicted. B The predicted amino-acid sequence of the CCK1 protein including the regions containing the 11 conserved kinase domains (boxed area, Hanks et al. 1988) , the junction domain (black box) and four EF-hand motifs (underlined ) are illustrated Fig. 7A±C . Alignment of the CCK1 junction domain with that of other CDPKs and the relative homologies of the kinase-and calmodulin-like domains. A Three or more identical amino acids in the junction domains of CCK1, CDPKa (Harper et al. 1991) , AK1 (Harper et al. 1993 ), AtCDPK1 (Urao et al. 1994) , SPK1 (Kawasaki et al. 1993) , ZmCDPK (Estruch et al. 1994) and DcCDPK (Suen and Choi 1991) are shown. B Phylogenetic relations of the kinase domains of the CDPKs from Chlamydomonas (CCK1), soybean (CDPKa), Arabidopsis (AK1) and carrot (DcCDPK) are shown compared with human PKA, PKCa (Finkenzeller et al. 1990 ), rat MLCK (Roush et al. 1988 ) and mouse calcium/calmodulin-dependent kinase II (Karls et al. 1992 ). C The calmodulin-like domains of four CDPKs are compared with the EF-hand-domains of wheat (Ta) calmodulin (Toda et al. 1985) , C. reinhardtii (Cr) calmodulin (Zimmer et al. 1988 ) and C. reinhardtii (Cr) caltractin (Huang et al. 1988) identity) for carrot DcCDPK (Suen and Choi 1991) . The same high homology was found for the calmodulin-like domain ranging from 47% for the carrot CDPK to 50% (35.6% identity) for Arabidopsis AK1 (Harper et al. 1993) . Interestingly, when the calcium-binding domains of calmodulin and caltractin (centrin) from Chlamydomonas are compared to those of CCK1, then the EF-hand domains in CCK1 are seen to be more closely related to those of higher plants than to those in other Chlamydomonas proteins, indicating that the CDPK family developed a distinct calcium-binding domain early in evolution.
To determine whether the CCK1 protein possesses calcium-stimulated kinase activity, a PCR fragment containing the entire coding region of CCK1, extended with a His6 tag at the carboxy-terminus, was cloned into the pGEX-KG expression vector (Guan and Dixon 1992) to generate an anity-sandwich construct (Binder et al. 1994 ) that allowed us to rapidly purify the protein. This was done because CDPKs are known to be broken down rapidly and proteolytic fragments seriously interfere with measurements of calcium-stimulated kinase activity . When the E. coli DH5a cells harbouring the expression construct were induced with IPTG, a protein of 55-kDa appeared (Fig. 8A,  compare lanes 1 and 2, upper arrow) . A protein migrating at the same position as free GST protein also appeared (lower arrow), suggesting that the GST anity tag had been lost from some of the expressed protein.
Using Ni 2+ anity chromatography, a 55-kDa protein was partially puri®ed (Fig. 8C, arrow) that was recognised by the anti-CDPK antibodies (Fig. 8B, lane 2) . In non-induced samples only a weak cross-reacting band was detected (Fig. 8B, lane 1) . The molecular weight of the puri®ed protein was 55-kDa and not 90-kDa as expected for the fusion protein. This, together with the presence of lower-molecular-weight bands that were recognised by the anti-CDPK mAbs and the presence of free GST tag, indicate that the CCK1 protein was partially broken down. To test the protein for calciumstimulated protein kinase activity, increasing amounts of the anity puri®ed-protein isolated from E. coli inclusion bodies (Fig. 8C) were spotted onto PVDF membrane, and kinase activity renatured on-blot using histone IIIs as substrate in the presence and absence of calcium (Ferrell and Martin 1991) . The incorporation of radioactive label at each spot was measured. The activity of the CCK1 protein was clearly stimulated by the presence of calcium (Fig. 8D) , reminiscent of the in-vitro activity isolated from Chlamydomonas (Fig. 1) .
Since we detected several proteins cross-reacting with the anti-CDPK mAbs in C. moewusii cells, genomic DNA gel blot analysis was performed to con®rm the presence of a family of related genes in this organism. The distantly related species C. reinhardtii was included in the analysis to assess whether the algal CDPK genes had been conserved during evolution. Using the CCK1 5¢ 2001-bp Pst I fragment containing the coding region, several bands were detected on both C. moewusii and C. reinhardtii blots, when hybridised at low stringency (Fig. 9A) . Washing the blot at high stringency reduced the number of bands (Fig. 9B) , suggesting that at least two other CDPK isoforms are present in both species.
Discussion
In order to characterise C. moewusii proteins involved in calcium signalling, an in-vitro phosphorylation assay was used to detect calcium-stimulated protein kinases in extracts of gamete¯agella. Since such a test only gives an idea of the total protein kinase plus phosphatase activity, we used an on-blot phosphorylation assay to characterise individual protein kinases. In this way a major band of calcium-stimulated activity was found to be located at 65-kDa. This kinase was the most prominent calcium-stimulated protein kinase in our assay of extracts of C. moewusii gametic¯agella, although one should bear in mind that other, perhaps more prevalent protein kinases may not have been renatured on-blot. Calcium appeared to stimulate protein kinase activity directly as has been described for a relatively new family of protein kinases, CDPKs, that are present in plants and protists (Roberts and Harmon 1992; Zhao et al. 1993) . The 65-kDa protein was immunologically characterised as CDPK-like using mAbs raised against the CDPKa from soybean. As was shown by immunoblotting experiments, the immuno-reactive 65-kDa¯agellar protein was the most abundant cross-reacting protein in¯agella, but was a minor component when compared with the crossreacting bands in cell bodies. The possibility of multiple CDPKs in Chlamydomonas suggests a multifarious role for this type of protein kinase in calcium-controlled signalling routes. Chlamydomonas gametes contain calcium channels in their¯agella as well as in their cell bodies (Hartz and Hegemann 1991) and the InsP 3 / DAG/calcium signalling system has also been shown to be present (Musgrave 1993) . Dierent CDPK isoforms could therefore function in the transduction of calcium signals at dierent locations in the cell. Also in higher plants, a multitude of CDPKs have been found at dierent locations in the whole plant and in plant cells (Roberts and Harmon 1992) . Many CDPKs have already been cloned from Arabidopsis (Harper et al. 1993; Urao et al. 1994) , therefore families of CDPKs must be expected in other plants as well.
Immuno-gold labelling studies have shown CDPKs to be present in most regions of the cytoplasm (data not shown), and this was re¯ected in the presence of the antigens in mating structure balloons. Interestingly, actin has been shown to be concentrated in these structures (Kalshoven et al. 1994) ; therefore, an interaction between CDPKs and the cytoskeleton is possible. The presence of CDPKs in pollen tubes of maize (Estruch et al. 1994) , where the actin cytoskeleton is implicated in outgrowth of these structures could indicate a common association of CDPKs with the cytoskeleton. In other plant systems, the interrelation between the cytoskeleton and CDPKs has also been studied (Putnam-Evans et al. 1989; McCurdy and Harmon 1992) . In the green alga Chara, CDPK activity has been proposed to function in cytoplasmic streaming (McCurdy and Harmon 1992) ; thus, for example, the transport of cellular components via the cytoskeleton could be under the control of CDPK activity.
Using the anti-CDPKa mAbs, a CDPK cDNA was isolated from a Chlamydomonas library, suggesting that other antigens recognised in Western blots by the same antibody could be genuine CDPKs. Cloning CCK1 establishes the presence of CDPKs in lower plants. The protein encoded by this gene contains both conserved kinase-, junction-and calmodulin-like domains, indicating that this family of protein kinases was formed early in the evolution. A comparison of the EF-hands in the algal CDPK with those of other algal calcium-binding proteins such as caltractin and calmodulin and higherplant calmodulin-like domains of CDPKs, again points to the early evolution of a distinct CDPK-type enzyme.
The CCK1 protein that was isolated by its carboxyterminal His tag reacted with the anti-CDPK mAbs used in earlier studies and possessed protein kinase activity that was stimulated twofold by calcium. Nonetheless, the activity and the stimulation by calcium were low. This may have been due to partial breakdown because the protein was smaller than predicted (55 as opposed to about 90-kDa). Binder et al. (1994) also reported their inability to obtain a full-length protein when they expressed the Arabidopsis kinase-1 gene fused to that of GST. The protein constructs seem to be labile because we also witnessed the production of free GST protein. This was also observed when other C. moewusii proteins (e.g. VH-PTP13, Haring et al. 1995) were expressed as GST-fusions using this vector. Perhaps the glycine linker Fig. 9A ,B. Southern analysis of genomic DNA from C. moewusii and C. reinhardtii. Genomic DNA of C. moewusii and C. reinhardtii (mt ) ) was digested with BamH I (B), Pst I (P) and Sac I (S), and hybridized with the 32 P-labelled 5¢ Pst I fragment of the CeCDPK1 cDNA. Hybridization was performed under non-stringent (55°C, 0.5´SSC, A) or highly stringent conditions (65°C, 0.1´SSC, B) that was created in order to release GST destabilizes the fusion. In order to further characterise the protein kinase activity of CCK1, another expression construct should be generated to ensure puri®cation of the intact protein.
The open reading frame of CCK1 codes for a 65-kDa protein and a protein of the same size was detected in Western analyses of CDPKs in¯agella. However, there is no reason to believe they are the same protein, for in general mRNA levels of¯agellar proteins increase after de¯agellation while the¯agella are being regenerated (Bernstein et al. 1994) . The CCK1 mRNA levels did not exhibit this pattern of expression after de¯agellation, and the level was maintained in zygotes (data not shown) that do not have¯agella.
High-and low-stringency Southern hybridisations of genomic DNA demonstrated that C. moewusii and C. reinhardtii possess at least two to three dierent CDPK isoforms. We think that their characterisation in these alga could help establish a role for CDPKs because Ca 2+ -signalling has already been shown to be involved in photo-shock, de¯agellation and the induction of mating responses in gametes. Thus CDPK expression and activity can be readily coupled to phenotypic responses.
